Introduction
The cosmic ray veto (CRV) system of the Mu2e experiment at the Fermi National Accelerator Laboratory (Fermilab) [2] is designed to identify incoming cosmic rays with an efficiency of 99.99% in order to suppress signals from cosmic ray interactions that mimic the muon-toelectron conversion signal. Cosmic ray detection is provided by four layers of scintillation counters with embedded wave length shifting (WLS) fibers connected to multi-pixel photon counters (MPPCs) on a mounting block as shown in Fig. 1 . To meet the CRV detection efficiency requirement, summed signals from photodetectors at each end of a scintillation counter should provide a photoelectron (PE) yield of at least 25 PE/cm from a minimum ionizing particle traversing at normal incidence one meter from the counter end. The entire system will require 19,840 MPPCs, which are expected to accumulate a maximum radiation fluence of approximately 1×10 10 neutrons/cm 2 from 1 MeV equivalent neutrons over the lifetime of the Mu2e experiment (see Fig. 2 ). Note that only a few percent of the MPPCs see fluence above 5×10 9 neutrons/cm 2 . We present results of radiation tests of Hamamatsu 2.0×2.0 mm 2 MPPCs, which are intended for the instrumentation of the CRV detector. Table 1 provides detailed specifications for the devices.
The mandated functionality of the CRV over the lifetime of the experiment requires that, with the expected accumulated dose, the MPPC a) breakdown voltages do not drift, b) responses do not change, and c) noise rates remain within the data acquisition system bandwidth with the application of a threshold that maintains rejection. Additionally, resolution of photoelectron spectra for as great a dose as possible is desirable for ease of in situ calibration and subsequent maintenance of readout thresholds. The requirements are listed in Table 2 . 
MPPC Tests
To carry out the performance studies, the MPPCs are mounted on small printed circuit boards called carrier board panels (see Fig. 1 right) . These carrier board panels connect to the readout electronics through a pogo-board, a passive board that has an array of spring loaded contacts, or pogo-pins. The pogo-board is then mounted on an interface board which communicates with the Mu2e front-end electronics board (FEB) outside a light-tight box through HDMI cables [3] . Fig. 3 shows a 16-MPPC carrier board panel in contact with the pogo-board which in turn is mounted on the interface board. MPPCs were placed in a light-tight box to take measurements with and without LED (type LED5-UV-400-30 [4] ) illumination. When using LED illumination, short (11 ns) pulses were used to obtain the PE spectrum, while long (16 ns) pulses were used to collect signals with magnitudes comparable to those expected from the CRV counters during operation. 
Radiation damage measurements
The photoelectron spectrum, the response to a LED pulse, the dark count rates at thresholds of up to 5.5 PE, and the MPPC current as a function of applied bias voltage (I-V scans) were measured for 40 (five sets of eight) non-irradiated MPPCs. Each set of eight MPPCs will henceforth be referred to as a "panel." One panel was never irradiated while the other four panels were exposed to different doses of 200 MeV protons (which emulate an equivalent 1 MeV neutron dose under the NIEL approximation [5] ). The radiation doses were delivered with a 200 MeV proton beam at the Northwestern Proton Therapy Facility in Warrenville, IL with intensities in the range [5×10 9 p/cm 2 , 5×10 10 p/cm 2 ]. The MPPCs were irradiated on their carrier board panels and were unbiased during irradiation as bulk damage is the primary physical process of interest [5] . The dose uniformity across the area was measured on site at Warrenville and was within ±5%.
After irradiation, the performance measurements were repeated on all MPPC panels after accelerated annealing. Annealing was accelerated by holding the MPPCs at 60
• C for 80 minutes, corresponding to about ten days of room temperature annealing.
I-V scans
Using the FEB, we measured the MPPC currents as a function of applied bias voltage for each panel. These measurements were done before and after irradiation of the panels, as shown in Fig. 4a , to determine any change in breakdown voltage and current levels.
The breakdown voltage can be determined using the inverse logarithmic derivative (ILD) of the current with respect to the voltage taken from an I-V scan [6] . Breakdown, or turnon, occurs at the voltage where the derivative rapidly changes from zero to a large value or, equivalently, where the inverse of the derivative approaches zero. As the definition of the breakdown voltage, we use the extrapolation of the ILD to zero [7] . Fig. 4b shows the ILD as a function of bias voltage for an irradiated MPPC. The I-V breakdown voltages, before and after irradiation, are compared in Fig. 5 and are stable within 0.2 V. As shown in Fig. 5a and Fig. 5b the standard deviation for each non-irradiated panel was roughly 60 mV, and 55mV for irradiated panels. 
Photoelectron (PE) spectrum analysis
The FEB digitizes the MPPC analog signals using a 12-bit ADC with a 12.5 ns sampling period. The FEB continuously samples the MPPC signal; for this study 128 samples of the digitized waveform were recorded as an event (see Fig. 6a ). The FEB is triggered by the LED pulser. Both the time at which the waveform is initiated relative to the pulser signal and the waveform length are variable features of the FEB. For every MPPC tested, we collected 5,000-10,000 events at different bias voltages ( • C and varied no more than 0.5
• C. Four panels were irradiated at the four different levels of 5×10 9 p/cm 2 , 1×10 10 p/cm 2 , 2.5×10 10 p/cm 2 , and 5×10 10 p/cm 2 all with ±5% dose uniformity across the panel area. The two lowest doses are the primary focus due to a lack of photoelectron peak resolution at the higher doses. Only a few percent of the MPPCs for Mu2e will be exposed to a fluence above 5×10
9 n/cm 2 . To obtain the photoelectron spectrum, a 11 ns pulse is used to trigger both the LED and FEB. Figure 6a shows a FEB waveform captured when a MPPC is illuminated with the LED. The signal maximum in a five-sample region centered on the arrival time of the MPPC signal is taken as the MPPC response. To find pedestals, we histogrammed samples selected from the waveform at a time interval preceding the LED pulse and fit the distribution with a Gaussian curve. The mean of the fit or the pedestal is then subtracted from the maximum signals. Figure 6b shows a non-irradiated MPPC PE spectrum where the first peak at zero ADC counts corresponds to the electronics pedestal. We fit the PE spectrum with a series of Gaussian curves and calculate the gain of the MPPC as the difference between the mean values of the electronics pedestal and the first PE peak.
Device gain before and after irradiation
An apparent reduction in gain after irradiation was observed. The observed gain reduction is due to an effective drop of the applied bias voltage. Since irradiation increases MPPC current as shown in the I-V scans, there is a voltage drop across the net series resistance in the external circuit, effectively decreasing the applied bias voltage. The voltage drop is estimated via the following procedure: for each MPPC the current is measured for each bias voltage step and plotted to form an I-V scan. Then the I-V current and external resistances on the external circuit (totals to 8.04 kΩ ± 2%) are used to correct the voltage drop for each bias voltage in the gain plots. When this voltage drop is accounted for, the apparent behavior of the gain decreasing with increased bias voltage is eliminated. Figure 7 shows the gain as a function of bias voltage before and after irradiation, without (Fig. 7a) and with (Fig. 7b ) the bias voltage correction for the MPPCs irradiated with 1×10 10 p/cm 2 . Figure 8 shows the ratio of the gain for all eight MPPCs in two of the tested panels before and after irradiation. The irradiated MPPC gains are corrected for the current draw, as in Fig. 7b , by comparing to the irradiated points at the same bias over-voltage, V 0 +2.3 V. The error bars for the points include systematic uncertainties associated with extraction of the PE peaks and I-V current measurements and voltage measurements, with the majority of the uncertainty from fitting PE peaks. The gains are stable within 4%. The standard deviation prior to irradiation was roughly 60 mV, and 75 mV after irradiation.
Breakdown voltages
We also measured the breakdown voltage from the gain plots by extrapolating the gain versus V b curve to zero gain (see Fig. 7b ). The non-irradiated and irradiated voltage breakdowns as determined with the gain are plotted per MPPC number in Fig. 9 . Uncertainties in the breakdown plots correspond to the standard deviation of the mean breakdown voltage for each panel. Overall, using the gain method, the average V 0 for the non-irradiated MPPCs is 52.2 ± 0.05 V ; while the average V 0 for the irradiated MPPCs is 52.3 ± 0.05 V for the 5×10 9 p/cm 2 panel and 52.4 ± 0.06 V for the 1×10 10 p/cm 2 panel. The two breakdown determination methods, gain and I-V, are compared in Fig. 10 . In general, breakdowns calculated with the I-V method are larger than those calculated with the gain method. This effect has been observed in other radiation damage studies [7] . Differences between the breakdown determination methods are likely a result of the turn-on (I-V) and turn-off (gain) breakdown state of the MPPCs [8] . Figure 11 shows the waveforms and PE spectra, measured away from the LED pulse region. For irradiated MPPCs an increase in noise with fluence is evident. Figure 12 shows the pedestal-uncorrected photoelectron spectra, with 11ns LED illumination, for panels after irradiation at the lowest three doses. At 2.5×10 10 p/cm 2 , the very high noise rate obscures PE peak separation. We define a noise peak (NP) as a contiguous set of samples in a waveform with all amplitudes above a threshold level, from a 0.5 PE threshold up to a 5.5 PE threshold. The dark count rate (DCR) is then calculated as the frequency of these noise peaks in the analyzed waveforms:
Dark count rates
where NS is the total number of samples searched for the noise peaks, and 12.5 ns is the time between each sample measurement. The mean DCRs for a set of eight MPPCs at a bias voltage of V 0 +2.3 V are shown in Table 3 . Figure 13 shows the mean DCRs per panel as a function of different threshold levels at two different applied biases, for the non-irradiated MPPCs and for MPPCs irradiated with 5×10 9 p/cm 2 and 1×10 10 p/cm 2 . At the maximum fluence of 1×10 10 p/cm 2 the measured DCRs are below ∼250 kHz for a 5.5 PE threshold. 
MPPC Response
By exposing the MPPCs to 16 ns LED pulses, we analyzed the effect of radiation on signals with magnitudes of several tens of PE. Since the 16 ns LED illumination interval is longer than the 12.5 ns FEB sampling period, we measure the response of the SiPM by summing all five amplitudes in the five-sample region centered on the arrival time of the MPPC signal. The study was done at different irradiation levels. An example of a pedestal-subtracted, gain-converted response at V 0 +2.3 V is shown in Fig. 14a . The mean of the Gaussian fit is taken as the response. The ratios of the MPPC response at fluences of 5×10 9 p/cm 2 and 1×10 10 p/cm 2 to the non-irradiated response are shown in Fig. 14b and Fig. 14c , respectively. The ratios were put on equal footing by correcting the response and gain for the voltage drop. To within 4%, the response of the MPPCs remains unchanged after irradiation. The data are not corrected for saturation effects which are on the order of 1%.
Summary
I-V curves, breakdown voltages, dark rates, gains, and LED light response of Hamamatsu 2.0×2.0 mm 2 MPPCs were measured before and after irradiation with proton fluences relevant to the Mu2e experiment. No significant deterioration in performance in terms of breakdown voltage, gain, and response is observed. As may be expected, the dark noise rate (and current) increases significantly with radiation, which degrades the ability to identify the single photoelectron peak for fluences exceeding 1×10 10 1-MeV-equivalent-n/cm 2 . For Mu2e, because of bandwidth limitations the higher noise rate at the highest fluences will require a higher zero-suppression threshold. This raised threshold, however, is still well within the limits required for the veto efficiency.
